Abstract Airway inflammation is the basis for airway hyperreactivity that results in the signs and symptoms of asthma. Great strides have been made in the past several decades to target airway inflammation using topical inhaled corticosteroids. In some cases, despite reported improvement in large airways indices on treatment, clinical control of asthma is not attained. Inflammation of the distal airways is now realized as playing a greater role in asthma control, and newer techniques are available to assess the smaller airways. Changes in formulations of inhaled corticosteroids and smaller particle size of medication allows for more effective targeting of the smaller airways.
Introduction
Asthma is common disorder that is clearly now seen as heterogeneous, both in presentation and response to treatment. Traditionally, treatment has been based on measurements of large and medium-sized airways (those 2-4 mm in diameter). More recently, insight into the involvement of the distal airways in asthma has brought to light the possibility of the small airways (as defined as those distal to the seventh or eighth generation of the bronchial tree with an inner diameter of<2 mm [1] ) playing a role in the variability of presentation and as a target for treatment. However, to prove that distal (small) airway dysfunction and inflammation is involved in a given asthma patient may be difficult, as it involves a complex set of studies. Thus, it is uncommon for caregivers to consider the distal airways in treatment decisions. This may lead to less control for the patient. One of the possibilities to help interpret why recent nationwide surveys show that overall our asthma population is not well controlled is the lack of attention to what is occurring in the distal lung. The Real World Evaluation of Asthma Control and Treatment Study (n =1,788) [2] used the Asthma Control Test to demonstrate that 55 % of the population is poorly controlled or not well controlled. In 1998, the Asthma in America study [3] documented in a nationwide survey that asthma patients had 10 % hospitalization rates, 20 % limitation on activity, 22 % limitation with work, 26 % missed work/school, and 37 % acute care visits. A decade later, with emphasis on the use of inhaled corticosteroids, the Asthma Insight and Management study (n =2,294) [4] demonstrated some improvement over the Asthma in America study, but nothing dramatic. Furthermore, a well-designed 1-year study, Gaining Optimal Asthma controL (GOAL), using up to maximum inhaled steroid dosing in 3,421 patients, demonstrated that approximately 75 % of all patients achieved the designation of well-controlled [5] . Thus, 25 % still were not well-controlled. Although adherence/compliance as well as other issues certainly can play a marked role in the ability to control asthma, the distal airways must also be considered in every asthma patient.
Anatomy
The surface area of the airways is equal to approximately half of a tennis court, with the vast majority of this area represented by the small (distal, peripheral) airways. Most of the inflammatory and physiologic changes in asthma occur in the distal airways, as noted in the rest of this review article.
In asthmatic individuals, the anatomic outer wall area has been demonstrated to be thicker in the smaller airways (< 2 mm) than in larger airways (those 2-4 mm in size) [6] . In this postmortem study, both non-fatal (died from causes other than asthma), and fatal asthma had outer wall thickness in the small airways that was significantly thicker compared to controls. Of interest, there was no difference in airway thickness (outer wall or total wall area) between the asthma groups when looking at the 2-4 mm airways [6] .
Inflammation
Nocturnal asthma (NA) has been a good model for investigating the small airways. Hetzel and colleagues have demonstrated that the nadir of lung function in NA is 4:00 AM, and that the majority of deaths and respiratory arrests due to asthma occur during the night [7, 8] . Transbronchial biopsies (distal airways) taken from patients with nocturnal asthma have demonstrated that there is significant inflammation in the alveolar area, mainly consisting of eosinophils in the infiltrate, although other inflammatory cells demonstrate the same circadian trend [9] . This finding was most significant in the biopsies obtained at 4:00 AM (Fig. 1 ) compared to 4:00 PM. The alveolar tissue inflammation, but not the proximal larger airway inflammation, correlated inversely with the fall in lung function. T cells have the ability to recruit eosinophils via the production of cytokines such as IL-4, IL-5 and IL-13, as well as chemokines such as eotaxin and RANTES, and there is a presence of CD4+ cells in alveolar tissue small airways biopsy [9] . There is also a similar relationship with lung function, i.e., increased number of CD4+ cells and decreased lung function [9] .
There have been studies looking at the differences in inflammation between the larger (> 3 mm outer perimeter) and smaller airways. Autopsy studies of asthmatics have shown that the location of the inflammatory cells is different in the larger airways as compared to the smaller airways. In the larger airways in asthma, inflammatory cells are found inbetween the smooth muscle and the sub-basement membrane, referred to as inner leukocyte density staining. In comparison, outer leukocyte density staining is found in the smaller airways, with inflammatory cells found between the smooth muscle and the alveolar attachments [10] . This has the potential to affect airway constriction by different mechanisms: sub-mucosal inflammation being associated with increased luminal occlusion with muscle shortening versus adventitial inflammation promoting airway constriction by decreased tethering of the airways [11] . Haley and colleagues also demonstrated that cystic fibrosis patients had a different pattern of distribution of inflammatory cells in their smaller airways, perhaps signifying a distinction between asthma and other obstructive diseases (in cystic fibrosis, eosinophils were fewer in number and were more often present in the larger airways) [10] . These differences in patterns of inflammation could be a result of differential recruitment related to etiology and disease-specific, regional organization of pulmonary inflammation [10] . For example, allergen challenge studies done in vitro have also demonstrated a greater release of mediators such as histamine, prostaglandins and thromboxane B2 in lung parenchyma when compared to large airways [12] . This again supports the theory that local release of cytokines and chemoattractants influences localization of inflammation. In fact, Hauber and colleagues demonstrated that the eosinophilic infiltration in both the central and peripheral airways, as well as the elevation in IL-5mRNA and eotaxin mRNA seen in asthmatics, was suppressed in patients being treated with hydrofluoroalkane (HFA)-flunisolide (an extra-fine particle steroid) and this was accompanied by increases in forced expiratory volume in the first second (FEV 1 ) and forced expiratory flow between 25 % and 75 % of expiration (FEF ) [13] .
Physiology and evaluation techniques
Studies done in the late 1960s birthed the term the "quiet zone" to describe the distal airways of the lung by demonstrating that the small airways (< 2 mm) accounted for <10 % of total airflow resistance, due to the far larger surface area in the distal lung. The smaller airways lack the cartilaginous support system of the larger airways, which influences their response to inflammation. While increasing lung volume generally equates to increase in airway diameter producing a decrease in airway resistance of the larger airways, this does not hold true for the smaller airways [14] . This is possibly why the contribution of the small airways to disease control had not been appreciated earlier. Again using nocturnal asthma as a study model, studies have been performed evaluating the volume-resistance relationship, and these demonstrated an uncoupling of the volume-resistance relationship in the smaller airways in patients with NA during sleep [15] . In the normal lung, an increase in lung volume results in decreased airway resistance as lung parenchyma essentially stretches out the attached airways (airways coupled to the lung parenchyma). In asthma, because of inflammation and edema surrounding especially the smaller airways, there is a loss of this coupling between the airways and lung parenchyma, and thus the resistance remains unchanged despite increases in lung volumes.
Physiologically, peripheral airway resistance (PAR) can be measured using a bronchoscope wedged into a fifth or sixth generation airway. By changing air flow via one port and measuring change in pressure via another port in the bronchoscope, PAR can then be calculated. Studies done in nocturnal asthma subjects have shown that there is an increase in PAR, decrease in compliance and an increase in 4:00 AM plateau pressure (as compared to 4:00 PM) that suggests a loss or closure of collateral channels in the distal airways at that time [16] .
Wagner and colleagues used this PAR technique to compare normal subjects to mild asthmatic subjects [17] . By increasing flow rates via the bronchoscope, they demonstrated that normal subjects did not have an increase in pressure, thus there was no increase in PAR (PAR=Δ pressure/ Δ flow). In subjects with mild asthma having normal or minimal impairment in spirometric values, the PAR was significantly increased. Thus, it is not just severe asthmatics that have the potential for distal airway dysfunction.
Spirometry is a simple, non-invasive method of assessing lung function. Measurements of forced vital capacity (FVC) and FEV 1 are standardized based on age, height, sex and ethnicity. Reproducibility on testing is required to ensure reliability, as testing is fairly effort-dependent. In general, FEV 1 , FVC and the ratio are considered measures of larger airways. There are calculated measurements that are now considered to reflect small airway disease, such as closing volume (discussed below) and forced expiratory flow at 25-75 % of FVC. Complete pulmonary function testing with measurement of residual volume (RV) can be an indicator of small airways disease. This is especially relevant in the setting of a normal FEV 1 /FVC ratio and reduced FVC [14] . Using a systemic medication, such as leukotriene inhibitors, correlates with a reduction in RV and improvement in symptoms [18] . Additionally, studies have demonstrated that asthmatics with more frequent exacerbations have higher RV at baseline than asthmatics with less frequent exacerbations [19] .
In't Veen and colleagues studied children with asthma (with FEV 1 of 93 %) categorized into two groups: those with year-round exacerbations and those without [20] . The only measurable difference between the two groups was the closing volume. The closing volume (CV) is defined as the volume of gas remaining in the vital capacity at the intersection of phase III and IV, and is usually expressed as percent of vital capacity (VC), CV/VC %. The higher the CV, the earlier the closing of the distal airways. The elevation in the CV in the asthma exacerbation group suggests that these children have hyperreactive distal airways, and triggers such as viral infections, allergens, cold air, etc. produce closure of these units and induction of an exacerbation [20] .
The forced expiratory flow 25-75, the M:P ratio (ratio of isovolumic maximal forced expiratory flow to partial forced expiratory flow at 60 % of vital capacity), and PAR have all been suggested to assess distal lung function. In 1973, McFadden and colleagues demonstrated that despite symptom improvement after an acute exacerbation, there was continued small airway obstruction [21] . Interestingly, Zeidler et al. demonstrated that asthmatics exposed to cat allergen with a drop in their FEV 1 to 20 % below their baseline had persistent air trapping based on high-resolution computational tomography, FEF 25-75 % and single breath nitrogen washout test 6 hours after allergen provocation, even though the FEV 1 returned to baseline [22] . The FEF 25-75 % is reproducible if lung volumes are the same, otherwise it is a variable measurement. These studies all support the idea that small airway changes play a role in the late-phase asthmatic response in patients with allergic asthma. Additionally, a lower FEF 25-75 % has also been shown to correlate with an increase in exercise induced symptoms in asthmatics [23] .
A study comparing these modalities and correlating them with evidence of inflammation on transbronchial biopsies was done by Sutherland et al. They demonstrated that in the severe asthmatics they studied, the degree of alveolar inflammation correlated poorly with the physiologic measures of FEF 25-75 % and the M:P ratio. However, static lung volumes measured as thoracic gas volume and total lung capacity did correlate with distal lung eosinophilic infiltration [24] .
Impedance oscillometry (IOS) to measure airways resistance was introduced in the 1950s and became commercially available in in the 1990s. It is an effort-independent technique used to assess airway resistance, especially in children who are unable to perform spirometry in an acceptable manner. There are several components to the measurement of oscillometry. To simplify, low oscillation frequencies (< 15Hz) transmit more distally in the lung. Two airway resistance measures that are important in asthma are those taken at 20Hz (R20), a reflection of large airway resistance as the sound waves do not travel distally, and at 5Hz (R5), a measure of resistance of the overall respiratory system. Thus, R5 minus R20 (R5-20) is a measure of small airway resistance as it subtracts out the larger airway resistance from the total airway resistance. Additionally, the reactance area (AX) is another measure of peripheral area function and helps define changes. AX is defined as the reactance (area under the curve) at all frequencies between 5Hz and Fres (the frequency at which reactance is 0) [25•] .
Using IOS to compare controlled to uncontrolled asthmatic children, one study assessed the utility of using several peripheral airway variables in asthma control and found that the R5-20 and AX were the best indicators of asthma control in these patients whereas the FEV 1 did not correlate with asthma control [25•] . Small airways constriction is produced by histamine infusion and is reflected by changes of the R5-20 [26] . Thus, these studies have supported the utility of oscillometry as a technique to measure small airway resistance and reinforce the contribution of the small airways in asthma control. More severe exercise induced bronchospasm is also associated with a reduced R5-20 but not the R20, suggesting that exercise induced symptoms in asthmatics may be more closely related to changes in the smaller airways [27] .
Fraction of exhaled nitric oxide (FeNO) is another newer indirect measure of inflammation in the respiratory tract. It is non-invasive, safe, simple and is mainly derived from the lower respiratory tract and produced by a reaction catalyzed by NO synthase. The inducible form of N synthase is produced in response to inflammatory mediators. FeNO is flow dependent and affected by many factors (e.g. smoking, ingestion of nitrate containing meats). There has been some difficulty in defining what a normal value is, even when flow rate is standardized at 50 ml/s. FeNO is a surrogate measure used for monitoring airway inflammation and guiding steroid therapy in asthmatics [28•] . However, there have been mixed results in studies evaluating this as a marker for asthma control [29••] . A two-compartment model of NO exchange has been proposed, and an alveolar component of the NO can be calculated using regression analysis [30] .
Alveolar nitric oxide is a reflection of distal lung inflammation. Berry et al. reported higher levels of alveolar NO in patients with refractory asthma as compared to normal subjects and those with mild-moderate asthma [31] . They demonstrated that alveolar NO responded to oral systemic steroids (which would target small airways) and not to doubling doses of large particle inhaled corticosteroids.
High resolution computed tomography (CT) of the chest allows examination of airways with a diameter as small as 1.5-2.0 mm and this has provided an ability to assess the small airways in asthma. Studies have demonstrated that airway thickening and hyper-reactivity occurs mainly in the small airways in patients with asthma [32] .
Nitrogen washout testing may also be useful in assessing small airways inflammation, as it can distinguish between ventilation heterogeneity in the conductive versus acinar airways [33] .
The clinical and measurable significance of the peripheral airway inflammation seen on pathological specimens has been difficult to assess. Table 1 summarizes parameters and techniques used to evaluate airway inflammation and function, as discussed above. There is no perfect or easy way to measure peripheral airway inflammation and function. 
Therapy and effect on inflammation
Asthma is a clinical syndrome with airway inflammation resulting in expiratory airflow limitation with reversible airway obstruction and hyper-reactivity. Targeting the small airways with inhaled drug therapy is both patient and drug formulation-dependent. Respirable particle size is thought to be the biggest factor in drug delivery to distal airways, with the mass median aerodynamic diameter (MMAD) size being 1-2 microns, with 1.1-1.5 microns probably being ideal. Particles less than 1 micron are thought to be inhaled and exhaled without being deposited; as a result of Brownian motion, there is no settling. Particles greater than 2 microns have greater deposition in larger airways. This has been studied using isoproteronol in two different particle sizes and ipratropium of variety of sized particles [34, 35] , with improved bronchodilation related to distal delivery with smaller particle size. Similarly, lung deposition of B2 agonists has been demonstrated to be greater at particle sizes of 1.5 microns versus 6 microns (56 % versus 46 %) [36] . In 1987, the Montreal Protocol mandated the elimination of the use of substances that depleted the ozone layer, and this included chlorofluorocarbons that had traditionally been used in metered dose inhalers (MDIs) as propellants. Alternate propellants were thus developed, with the principal one being hydrofluroalkanes (HFAs). Those propellants that were formulated to be in solution (rather than in suspension) resulted in a change in particle size and drug delivery. Breath actuated dry powder inhalers (DPIs) are the other main form of reformulation, but are of a larger particle size delivery [37] . Suspension MDIs have larger particle size than those in solution. Solution MDIs result in the drug being dissolved in the propellant or cosolvent. This results in smaller particle size. DPIs and suspension HFA MDIs exhibit particle sizes with MMAD greater than 2.6 micrometers. Particle size is inversely related to depth of penetration and the variety of options available is seen in Table 2 [38] . Several small studies assessing the Turbuhaler (a flow-driven multidose DPI that generates a 2 micron particle size at inhalation flow rate of 60 L/minute [39] ) demonstrated that in comparison to MDI, there was improved lung deposition of budesonide (32 % versus 15 %) [40] .
The change in propellant from chloroflurocarbon (CFC) to HFA resulted in beclomethasone being reformulated and having a mass median aerodynamic diameter of 1.1 micrometers versus 3.5-4.0 micrometers in the CFC version [41] . Leach and colleagues used technetium-99 m-radiolabeled beclomethasone dipropionate in CFC and HFA forms to demonstrate that smaller particle size is associated with improved delivery of the drug to peripheral airways. They noted the HFA-BDP delivered 55-60 % to the airways and 29-30 % in the oropharynx compared with CFC-BDP, which had 90-94 % deposition in the oropharynx and 4-7 % in the airways of healthy individuals [42] . There are other benefits to the new formulations, including studies demonstrating that even with patient discoordination and in pediatric patients aged 5-17, there was greater delivery of ultra-fine particle size drug to the airways [38] .
Several studies have since shown that there is equivalent clinical efficacy with reduced doses (one-half to one-third) of inhaled corticosteroids with the HFA preparations of both beclomethasone and flunisoilde [43, 44] . Despite fluticasone being traditionally considered a more potent corticosteroid, studies comparing the two in HFA aerosol formulations showed that the HFA formulation of beclomethasone resulted in equivalent asthma control as compared to similar doses of fluticasone [45, 46] .
A more recent study looking at the use of extra-fine (EF) particle formulation of HFA-beclomethasone compared to CFC-beclomethasone has demonstrated that 1 year after initiating or stepping up therapy, patients receiving EF HFA-BDP were more likely to achieve asthma control, as compared to those on CFC-BDP. This suggested that particle size and deposition characteristics are relevant for effectiveness of asthma therapy. This study also demonstrated a lower dose needed for control with the EF-particle formulation [47••] . The measures used for evaluating treatment in all these studies have been FEV 1 , considered a measurement of large airway function. Yamaguchi and colleagues demonstrated improvement in small airway resistance impulse oscillometry measurements with the use of HFA-BDP as compared to CFC-BDP. They found that R5-R20 and AX progressively improved with HFA-BDP, achieving statistical significance at 12 weeks versus the CFC-BDP group, and the HFA-BPD was associated with a decline in methacholine hyper-reactivity [48] .
As CFC inhalers are no longer available, it is more useful to look at differences in currently available treatment options. HFA-fluticasone propionate has a mass median aerodynamic diameter of 2.5 microns, as compared to HFA-ciclesonide and HFA-beclomethasone dipropopnate, which have a mass median aerodynamic diameter of 1.1 microns. A study looking at steroid naïve asthmatics in a primary care setting noted that patients given HFA-BDP had a statistically significant odds ratio of improved control, decreased short-acting beta-agonist (SABA) use, and less likelihood of needing additional therapy than with a larger particle size inhaled steroid, HFA-fluticasone [49••] . This study also demonstrated that if patients needed step-up therapy because of poor asthma control, the EF particle steroid had a trend of improvement similar to the initiation group, although not statistically significant. However, the EF particle size inhaled steroid group needed significantly less escalation of therapy [49••] . A small study also looked at the effect of small particle ciclesonide compared to placebo and noted an improvement in alveolar nitric oxide and CT measurements of expiratory lung volumes after methacholine challenge [50] . Another small study compared beclomethasone/formoterol HFA MDI versus fluticasone/salmeterol DPI in ten patients with moderate persistent asthma and monitored small airways parameters of phase III of the nitrogen washout curve. They evaluated the closing volume as well as maximal expiratory flow rate at 50 % of the FVC and demonstrated a significant improvement in these parameters when the patients were in the HFA MDI arm as compared to the DPI arm, at equipotent doses [51••] . Vos and colleagues reported their findings evaluating the effect of beclomethasone/formeterol HFA using high resolution computerized tomography and computational fluid dynamics [52•] . They reported an improvement in small airway resistance using functional imaging in patients, even with well controlled asthma (by Asthma Control Test score and FEV 1 on spirometry) when they were started on or changed to treatment with EF particle sized beclomethasone/formoterol.
Conclusion
Asthma is a diagnosis of reversible airflow limitation that has significant heterogeneity in its presentation and response to treatment. While many factors are at play, targeting the small airways is likely to be beneficial in the majority of patients. This is now easier using the new formulations of metered dose inhalers that result in smaller particle size of corticosteroids with more effective distal delivery.
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